The initial stages of chemical weathering in tephra were examined during a 10-yr period under field conditions in a cryic-udic climatic regime. Unleached tephra from the 1980 eruption of Mt. St. Helens was applied to the surface of soils in 5-and 15-cm depths to simulate natural tephra deposition on subalpine forest ecosystems. Solid-phase tephra samples were collected 10 yr after addition and compared chemically and mineralogically to the original, unweathered tephra. W EATHERING OF TEPHRA DEPOSITS commonly leads to formation of metastable short range order minerals (Shoji et al., 1993a). The fine particle size, glassy nature of the particles, and high porosity and permeability of tephra deposits enhance chemical weathering rates (Lowe, 1986). Rapid weathering releases elements faster than the rate of crystallization of new minerals, consequently the soil solution becomes over-saturated with respect to several poorly ordered solid-phase materials (Shoji et al., 1993a). The presumed rapid precipitation kinetics of short range order minerals favor formation of these metastable solid phases. Short range order minerals contribute active Al and Fe (i.e., the acid oxalate extractable fraction), which is responsible for many of the unique physical and chemical properties of soils formed on volcanic ejecta (Shoji and Ono, 1978; Wada, 1980; Shoji and Fujiwara, 1984).
W EATHERING OF TEPHRA DEPOSITS commonly leads to formation of metastable short range order minerals (Shoji et al., 1993a) . The fine particle size, glassy nature of the particles, and high porosity and permeability of tephra deposits enhance chemical weathering rates (Lowe, 1986) . Rapid weathering releases elements faster than the rate of crystallization of new minerals, consequently the soil solution becomes over-saturated with respect to several poorly ordered solid-phase materials (Shoji et al., 1993a) . The presumed rapid precipitation kinetics of short range order minerals favor formation of these metastable solid phases. Short range order minerals contribute active Al and Fe (i.e., the acid oxalate extractable fraction), which is responsible for many of the unique physical and chemical properties of soils formed on volcanic ejecta (Shoji and Ono, 1978; Wada, 1980; Shoji and Fujiwara, 1984) .
The factor of time (tephra age or effective weathering time) has frequently been viewed as a primary factor controlling mineralogical transformations in tephra deposits of humid-temperate climates (e.g., Fieldes, 1955;  R.A. Dahlgren and J. Rodgers, Dep. of Land, Air and Water Resources, Univ. of California, Davis, CA 95616; and F.C. Ugolini, Dipartimento Di Scienza Del Suolo E Nutrizione Della Pianta, Universita Degli Studi, Piazzale Delle Cascine, 15,50144 Firenze, Italy. Received 8 Mar. 1996. *Corresponding author (radahlgren@ucdavis.edu).
Published in Soil Sci. Soc. Am. J. 61:1519 Am. J. 61: -1525 Am. J. 61: (1997 . Lowe, 1986; Wada, 1989) . Several studies have addressed short-term laboratory (White and Claassen, 1980; White, 1983; Shoji et al., 1993b) and field weathering (<2 yr) (Dethier et al., 1981; White et al., 1986; LaManna and Ugolini, 1987; Ugolini et al, 1991) . These studies have found rapid incongruent dissolution kinetics resulting in leaching of base cations and silicon and an accumulation of amorphous residues rich in Al and Fe. Long-term weathering patterns have been investigated by retrospectively examining mineralogical characteristics of tephra deposits spanning hundreds to thousands of years (Kirkman and McHardy, 1980; Lowe, 1986; Ruxton, 1988; Hodder et al., 1990) . These studies indicate half-lives for volcanic glass ranging from 1650 to 7000 yr (Ruxton, 1988; Shoji et al., 1993b ) and a generalized mineralogical transformation pathway consisting of opaline silica, Al-humus complexes, allophane, and imogolite as early weathering products with halloysite and gibbsite forming during latter stages of weathering (e.g., Fieldes, 1955; Lowe, 1986; Wada, 1989) .
There is a paucity of information on weathering and mineralogic transformations occurring over decades of time, especially spanning the early stages of weathering. This gap has created many questions related to the timing and mechanism(s) of alteration that are vital to the proper interpretation of weathering processes in tephra. The primary objective of this study was to examine the initial stages of chemical weathering in dacitic tephra from the 18 May 1980 eruption of Mt. St. Helens under field conditions in a cryic-udic climatic regime. This study provides a transition between short-term laboratory studies using artificial weathering regimes and longterm field studies in natural systems that involve volcanic ejecta exposed for hundreds to thousands of years. We sought to answer several key questions concerning the initial stages of tephra weathering including (i) what chemical and mineralogical changes occur in the tephra during the initial 10 yr of weathering?, (ii) what is the fate of the Al and Fe released by weathering?, and (iii) is there any evidence for neosynthesis of opaline silica, allophane, and imogolite?
To answer these questions, 5-and 15-cm layers of unweathered tephra were applied to the surface of a forest soil to simulate natural tephra deposition. Samples of the weathered tephra were collected 10 yr after addition and compared chemically and mineralogically to the original, unweathered tephra. This experimental design provides a powerful approach since any detectable differences can be directly attributed to pedogenic processes due to the fact that the composition of the Abbreviations: BP, before present; ICP, inductively coupled plasma; TEM, transmission electron microscopy.
1519
original tephra was known and the analytical analyses were performed at the same time for both weathered and unweathered samples using identical methods.
MATERIALS AND METHODS

Study Area
The investigation was conducted at the Findley Lake Reserve and Research Area on the western slopes of the Cascade Range in Washington, an area that did not receive airfall tephra during the 1980 eruptive episode of Mt. St. Helens. The study site is located in the upper montane forest zone at an elevation of 1150 m. Mean annual air temperature is 5.5°C, and annual precipitation averages 230 cm with = 10% occurring during the summer (National Oceanic and Atmospheric Administration, 1986 (Mullineaux, 1986) . Previous studies by Ugolini and others provide a detailed discussion of soil forming processes and the chemical and mineralogical properties of the soils at this study site (e.g., Ugolini et al., 1977a Ugolini et al., ,b, 1991 Dawson et al., 1978; Dahlgren and Ugolini, 1989a,b,c, 1991) .
Experimental Design
Tephra was collected from airport runways at Yakima, WA, shortly after the 18 May 1980 eruption of Mt. St. Helens.
The tephra was collected prior to any rainfall and sealed in watertight containers until it was applied to the study plots. Triplicate plots (2 by 2 m) receiving either a 5-or 15-cm thickness of tephra were established in July 1982 as described by Dahlgren and Ugolini (1989c) . The bulk density of the applied tephra was 1.32 g cm" 3 . Ten years following the addition of tephra to the experimental plots (July 1992), triplicate samples were collected from each plot. Thus, a total of nine samples were collected from both the 5-and 15-cm treatments. Extreme care was taken to avoid contamination of the tephra by organic materials from the newly forming litter layer on the surface and the buried O horizon at the bottom of the tephra layer. Tephra samples were air dried, gently crushed, and passed through a 2-mm sieve, and any fine roots passing through the sieve were removed using forceps. The weathered tephra samples were analyzed along with three replicates of the unweathered tephra taken at the time of tephra application to the experimental plots. The air-dried, <2-mm soil was used for the following analyses, unless otherwise noted. Since these samples contain very low concentrations of hydrous noncrystalline materials, the effects of air drying are not expected to influence the characterization results of this study.
Chemical and Physical Characterization
The pH and electrical conductivity of the tephra were measured in distilled water, while pH was additionally determined in 0.1 M CaCl 2 (1:1 soil/solution) following a 15-min equilibration period. Particle-size analysis was determined by dry sieving and the pipette method using no pretreatments other than dispersion with sodium hexametaphosphate (Gee and Bauder, 1986) . Ground samples (<180 |xm) were used for Kjeldahl N (Issac and Johnson, 1976) and for organic C by dry combustion (Leco Carbon Analyzer, Leco Corp., St. Joseph, MI). Cationexchange capacity and exchangeable Ca, Mg, K, and Na were determined by 1 M NH 4 C1 at ambient soil pH and exchangeable Al by displacement with 1 M KC1 (Soil Survey Staff, 1984) . Phosphate retention was determined using the method of Blakemore et al. (1981) . Surface area was determined by the BET method (Brunauer et al., 1938 ) with a Micromeritics (Norcross, GA) instrument after drying the samples at 200°C for 3 h.
Selective dissolution was performed by the following treatments: (i) sodium pyrophosphate (Al p , Fe p ), one 16-h extraction (McKeague, 1967) ; (ii) acid ammonium oxalate (A1 0 , Fe 0 , Si 0 ), one 4-h extraction at pH 3 in the dark (McKeague, 1976) ; and (iii) citrate-dithionite (Al d , Fe d ), one 16-h extraction at 23°C (Holmgren, 1967) . Prior to centrifugation, 2 mL of 1 g LT 1 superfloc was added to each extract to assist in removal of colloidal material. Iron, Al, and Si in all extracts were measured by inductively coupled plasma (ICP) spectroscopy. All values represent the mean of replicated analyses. Total elemental analysis was performed using lithium metaborate fusion (Ingamells, 1970) , dissolution in 50 g kg" 1 HNO 3 , and quantification using ICP spectroscopy.
Mineralogical Analysis
The clay-size fraction (<2 jjim) of samples receiving no pretreatment was isolated by sedimentation following particlesize analysis and desalted by dialysis against deionized water (18 Mft). Additionally, subsamples from the 5-and 15-cm treatments were pretreated with citrate-dithionite prior to the separation of the clay-size fraction (Holmgren, 1967) . X-ray diffraction was performed on oriented samples using the standard methods outlined by Whittig and Allardice (1986) . The density of clay on each slide was kept constant to allow for a semi-quantitative estimation of differences between treatments. Diffractograms were made using Cu K-a radiation generated with 50 kV accelerating potential and 15 mA tube current. Samples were step scanned for 1 s at a 0.04° 26 step. Transmission electron microscopy (TEM) was performed on triplicate samples of the <2-u,m fraction from the 5-and 15-cm tephra treatments to determine whether opaline silica, allophane, or imogolite were detectable. For observation, specimens were gently sonicated to assist in dispersion and spotted onto a filmed grid. A petrographic microscope was used to determine the mineralogy of the very-fine sand fraction (50-100 jjim) for the original, unweathered tephra. Triplicate slides were prepared, and a minimum of 300 grains were counted on each slide.
Statistical Analyses
Statistical analyses were performed using SYSTAT for Windows (SYSTAT, Evanston, IL). Differences in physical and chemical properties between unweathered tephra and weathered tephra from the 5-and 15-cm treatments were tested using analysis of variance with a post-hoc Tukey test to separate differences between means.
RESULTS AND DISCUSSION Selected Solid-Phase Characterization
Selected solid-phase characterization data for tephra experiencing 10 yr of weathering are compared with the original, unweathered tephra in Table 1 . The pH of the tephra decreased by 0.9 to 1.2 units after 10 yr of weathering; the 5-cm treatment was =0.2 units lower than the 15-cm treatment. The lower pH in the 5-cm treatment is consistent with greater initial weathering rates previously determined in this treatment by soil solution studies (Dahlgren and Ugolini, 1989c) . While carbonic acid was the major proton donor during the initial stages of weathering, the drop in soil pH values to near 5 indicates that there was a shift in the dominant proton donor from carbonic acid to organic acids (Ugolini and Sletten, 1991) . This shift corresponds to the formation of a litter layer (=2 cm thick) on the surface of the tephra that is the primary source of organic acids.
Organic C and N concentrations show an increase only in the 5-cm treatment. The C/N ratio of the organic matter displays a constant value in the range 21 to 23 for all samples. The litter layer was carefully separated from the tephra layer prior to sampling, and any roots that were found in the tephra were removed prior to analysis. Similarly, there was no apparent mechanical mixing of litter into the tephra by organisms and only a few fine and very-fine roots were observed within the tephra layer.
Particle-size analysis indicated no significant (P < 0.05) change in the sand and silt fractions between weathered and unweathered materials; however, the 15-cm treatment did show a small decrease in clay content. Field observation of the buried soil shows some evidence of particle transport into the buried organic horizon that may account for the decrease in clay content. Dissolution of unstable, detrital clays may also decrease clay concentrations as was shown for surface soils on Mt. St. Helens (Ugolini et al., 1991) . The surface area of the weathered tephra decreased by 0.05 to 0.07 m 2 g" 1 compared with the unweathered material. This small decrease may be associated with loss of clay by translo- cation, dissolution of ultrafine particles and unstable clay minerals (Dethier et al., 1981; Ugolini et al., 1991) , or dissolution of soluble salts present on the unweathered tephra (Fruchter et al., 1980; Smith et al., 1982) . A large decrease in electrical conductivity of the weathered tephra indicates removal of the salts contained on the unweathered tephra (Fruchter et al., 1980; Smith et al., 1982) . Soluble salts were formed in the eruption plume as the ejected tephra interacted with aerosols of H 2 SO 4 and HQ (Nehring and Johnston, 1981) . The initial leaching of the fresh tephra was dominated by rapid removal of these soluble salts (Smith et al., 1982; Dahlgren and Ugolini, 1989c) . The presence of soluble salts (=1 cmol c kg" 1 ) created an artifact in the exchangeable cation concentrations and base saturation of the unweathered tephra and are therefore not reported. The cation-exchange capacity remained constant at =1 cmol c kg" 1 for weathered and unweathered treatments. Exchangeable cation composition was the same for the 5-and 15-cm treatments and showed the following distribution: Ca > Mg > Na > K > Al. Base saturation in the weathered tephra was =50%.
A relatively large increase in phosphate retention was measured after 10 yr of weathering, from 1% in the unweathered tephra to 6 to 7% in the weathered tephra treatments. This indicates that active Al and Fe (i.e., the oxalate-extractable fraction) have accumulated during the weathering period (Shoji et al., 1993a) . The forms of active Al and Fe were examined by selective dissolution analysis.
Selective Dissolution Analysis
Among the Fe, Al, and Si fractions extracted by selective dissolution techniques, significant (P < 0.05) increases were measured for all Al and Fe fractions in the weathered tephra (Table 2 ). In contrast, oxalate extractable Si concentrations were identical in weathered and unweathered tephras. There were no differences in extractable Fe and Al concentrations between the 5-and 15-cm treatments. The increase in extractable Fe and Al fractions supports the tephra leachate data that indicate Al and Fe are relatively immobile and accumulate in the tephra layer (Dahlgren and Ugolini, 1989c). When comparing changes in the extractable pools upon weathering, it is important to subtract the baseline extractable concentrations of the unweathered tephra to account for the nonspecificity of the extractants, such as magnetite dissolution by acid oxalate. After correcting for the baseline levels, the differences between the various extractants can be used to estimate the distribution of weathering products between various solid-phase pools. During the 10-yr weathering period, pyrophosphate-, oxalate-, and citrate-dithionite-extractable Al fractions increased by 0.2, 0.2, and 0.4 g kg" 1 , respectively (Table 2 ). These results suggest that extractable Al is accumulating as Al-humus complexes (Al p ) and hydroxy-Al polymers (Al d -Al p ) that fill the interlayer position of detrital 2:1 layer silicates (Shoji et al., 1993a) or possibly precipitate external to the interlayer space (Brydon and Kodama, 1966) . Concentrations of pyrophosphate, oxalate, and citrate-dithionite Fe increased by 0.4, 0.8, and 0.8 to 0.9 g kg' 1 , respectively, after 10 yr of weathering. We interpret these results to indicate that Fe accumulates primarily as Fe-humus complexes (Fe p ) and a noncrystalline oxyhydroxide (Fe 0 -Fe p ), most probably ferrihydrite (Childs et al., 1991) . Since ferrihydrite is commonly associated with organic matter and may become peptized during the pyrophosphate extraction procedure, it is difficult to ascertain whether the Fe p fraction represents exclusively Fe-humus complexes or a combination of Fe-humus complexes with finely dispersed ferrihydrite (Kassim et al., 1984) .
The increase in extractable Fe and Al concentrations during the 10-yr period was equal between the 5-and 15-cm treatments suggesting that average weathering rates were similar between the two treatments. Active Al and Fe (A1 0 + Fe 0 ) increased by 0.2 and 0.8 g kg" 1 tephra, respectively, during the 10-yr period. If this rate of accumulation was to remain constant into the future, the minimum value for andic soil properties (A1 0 + V^Fe,, > 1.2, with appropriate glass content; Soil Survey Staff, 1992) would be attained in -200 yr.
Among the selective dissolution extractions, citratedithionite showed the largest increase in extractable Fe and Al concentrations during the 10-yr weathering period (Table 2) . When comparing the Al/Fe molar ratio of the unweathered tephra (4.1) (Table 3) ) during the 10-yr period (=1.0), it is seen that Fe is accumulating in the citrate-dithionite extractable fraction four times faster than Al. This may reflect the relative instability and greater weathering rates observed for the ferromagnesian minerals contained in the tephra (Dethier et al., 1981) . Alternatively, the Al may be accumulating in forms (e.g., layer silicates) that are not extractable by citrate-dithionite.
There was no increase in the amount of oxalate extractable Si from the weathered tephra indicating that no appreciable synthesis of allophane-imogolite has occurred (Childs et al., 1983) . Oxalate extractable Si provides a relatively sensitive method for determining the presence of allophane and imogolite and can detect concentrations at approximately the 1% level. The absence of allophane and imogolite was also confirmed by TEM investigation of the clay-size fraction. Allophane and imogolite synthesis appears to be limited by the availability of Al rather than Si. Silicon activities (100-300 u.M) in the tephra leachates are within the range shown to maintain allophane-imogolite stability (Dahlgren and Ugolini, 1989b,c) . When Al is preferentially incorporated into Al-humus complexes (Parfitt and Saigusa, 1985) and polymeric hydroxy-Al interlayers of 2:1 layer silicates (Dahlgren and Ugolini, 1989b) , it is unavailable for reaction with Si to form aluminosilicate minerals (Shoji et al., 1993a) . The (Al + Fe) p /C t (t = total) ratios ranged between 0.05 and 0.07, which were less than reported minimum values of 0.1 to 0.2 for horizons found to contain allophane and imogolite (Parfitt and Saigusa, 1985; Dahlgren and Ugolini, 1991) . The evolution of the dominant weathering regime in the tephra layer from carbonic acid to organic acids is further expected to inhibit formation of allophaneimogolite by lowering aqueous Al activities and enhancing translocation of Al through formation of mobile organo-Al complexes (Dahlgren and Ugolini, 1989a) . Thus, as the litter layer accumulates, organic acid concentrations will increase resulting in removal of Fe and Al liberated by weathering and transformation of the tephra layer into an E horizon. This transformation is evident from examination of past tephra deposits now incorporated into the soil profile as E horizons (Ugolini et al., 1977b) . Therefore, tephra deposition on these subalpine forest soils predisposes the tephra layers to rapidly form E horizons that contribute to the morphological and chemical classification of these soils as Spodosols.
Total elemental analysis provides an additional means of examining the mobility of elements during the weath- ering process. The only differences (P < 0.05) noted were a decrease in Si t (t = total) content in the 5-cm treatment, an increase of Fe t and Ti, contents in the 5-cm treatment, and a decrease in K, content in both the 5-and 15-cm treatments (Table 3) . These results are consistent with the tephra leachate data (Dahlgren and Ugolini, 1989c) and with the expected elemental mobilities in which Si and K are considered mobile while Fe and Ti are immobile and accumulate by negative enrichment (Shoji et al., 1981; Kurashima et al., 1981) . Based on these results, total elemental analysis is not a sensitive technique for discriminating differences in weathering and mobility patterns in short-term studies.
Mineralogical Analysis
The mineralogy of the very-fine sand fraction of the unweathered tephra showed the following distribution: volcanic glass (36%) > plagioclase (29.9%) > glassy aggregates (27.5%) > pyroxenes-amphiboles (4.2%) > cristobalite-quartz (1.2%) = opaque oxides (1.2%). The glassy aggregates contained microlites consisting of =70% plagioclase and 30% ferromagnesian minerals. The volcanic glass was dacitic in composition with a chemical composition very similar to the bulk tephra (Table 3) (Fruchter et al., 1980) . The plagioclase was of andesine composition with a Ca/Na atomic ratio of = 1.0 (Fruchter et al., 1980) . The clay-size mineralogy is dominated by smectite as indicated by the shift of the 1.4-nm peak to =1.8 nm following glycol treatment of the Mg-saturated sample (Fig. 1) . The small 1.4-nm peak that remains following glycol treatment collapses upon K saturation indicating the presence of vermiculite. This interpretation is consistent with previous studies of Mt. St. Helens tephra, which showed that saponite, trioctahedral vermiculite, and mixed-layer chlorite-smectite were the dominant minerals present in the clay-size fraction (Pevear et al., 1982; LaManna and Ugolini, 1987) . These minerals were detrital and originated from lithic fragments incorporated into the tephra during the eruption.
The K-saturated clays in the unweathered tephra were observed to collapse to a relatively sharp and symmetrical peak centered around 1.0 nm on heating to 350°C (Fig. 1) . Further heating to 550°C resulted in no apparent change compared with the 350°C heat treatment. In contrast, the clays from the 5-and 15-cm weathered treatments collapsed to a diminished peak near 1.0 nm that displays a broad shoulder toward high d-spacings after heating to 350°C. With further heating to 550°C, the peak became much sharper and symmetrical, similar to the clays in the unweathered tephra. Samples pretreated with citrate-dithionite to remove (or partially remove) hydroxy-Al interlayers (Barnhisel and Bertsch, 1989) collapsed to a sharp, symmetrical peak at 1.0 nm on heating to 350°C, similar to the clay-size fraction of the unweathered tephra. This latter treatment provides strong support for the presence of hydroxy-Al polymers in the 2:1 layer silicate clays after 10 yr of weathering.
The incorporation of Al into hydroxy-Al interlayers, suggested by x-ray diffraction and selective dissolution analyses, provides a sink for Al released by weathering (Shoji et al., 1993a) . The increase in the Al d -Al p fraction by 0.2 g kg" 1 soil (370 mmol Al kg" 1 clay) may be assigned, at least partially, to Al removed from hydroxy-Al polymers in the interlayer position of 2:1 layer silicates and possibly from material precipitated external to the interlayer space (Table 2) . Since no additional Si was extracted with citrate-dithionite treatment from the weathered tephra, it is assumed that the dissolved material is primarily hydroxy-Al polymers rather than an aluminosilicate, such as proto-imogolite sols, as has been shown in some volcanic ash soils (Wada et al., 1987) . While theoretical calculations suggest that 16 mmol Al kg" 1 clay is sufficient to form a complete hydroxy-Al polymer sheet in the interlayer of 2:1 clays (Slaughter and Milne, 1960) , other studies indicate that appreciably more hydroxy-Al polymers may be accommodated in the interlayer position (Barnhisel and Bertsch, 1989) . The Al adsorbed in excess of that necessary to form the hydroxy-Al polymer interlayer sheet may be largely adsorbed external to the interlayer space, possibly at the mineral edge (Hsu, 1992) . The total amount of Al that may be sorbed by 2:1 layer silicate clays ranges between 1200 and 2200 mmol Al kg" 1 clay (Barnhisel and Bertsch, 1989; Hsu, 1992) . This is three to six times more Al than was extracted from the weathered clays by citrate-dithionite (370 mmol Al kg" 1 clay). Investigation of the clay-size fraction from the weathered tephra treatments by TEM showed no evidence of opaline silica, allophane, or imogolite. Preferential incorporation of Al into Al-humus complexes and hydroxy-Al polymers sorbed in interlayers or external to the interlayer space may inhibit formation of allophane and imogolite; this inhibition was termed the anti-allophanic effect by Shoji et al. (1993a) . Opaline silica often forms as an early weathering product in tephra deposits due to the occurrence of high silicon activities and low Al activities associated with preferential incorporation of Al into hydroxy-Al interlayers and Al-humus complexes (Shoji and Masui, 1971) . We find no evidence of opaline silica formation following 10 yr of weathering; however, opaline silica is abundant in the buried E horizon formed in tephra deposits =3500 yr old (Dahlgren and Ugolini, 1991) .
CONCLUSIONS
Ten years of tephra weathering under a cyric-udic climatic regime resulted in several changes in chemical and mineralogical properties. The solid-phase pH of the tephra decreased by approximately one unit, with the 5-cm treatment being =0.2 units lower than the 15-cm treatment. Organic C and N increased only in the 5-cm treatment. The accumulation of Al and Fe alteration products in the tephra was indicated by an increase in pyrophosphate, acid oxalate, and citrate-dithionite extractable Al and Fe. Aluminum accumulated as Alhumus complexes and hydroxy-Al polymers in the interlayer space or external to the interlayer space of detrital 2:1 layer silicates; iron accumulated primarily as a noncrystalline oxyhydroxide (ferrihydrite) and Fe-humus complexes. The increase in the active Fe and Al fraction (i.e., Fe 0 and A1 0 ) contributes to a sevenfold increase in phosphate retention. Hydroxy-Al interlayering of 2:1 layer silicates was suggested from x-ray diffraction of the clay-size fraction in the weathered tephras. There was no evidence of opaline silica, allophane, or imogolite synthesis in the weathered tephra. Incorporation of Al into Al-humus complexes and hydroxy-Al polymers sorbed in interlayers or external to the interlayer space may inhibit formation of allophane and imogolite. As an organic (litter) layer accumulates on the surface of the tephra layer, the carbonic acid weathering regime was gradually replaced by an organic acid weathering regime that promotes leaching of Al-and Fe-humus complexes from the tephra layer. This predisposes tephra layers to rapidly form E horizons, which contributes to the morphological and chemical classification of these soils as Spodosols in this climatic regime.
